Introduction
Atlantic salmon genetic improvement has been practiced since the early 1970s when the first breeding trials began in Norway (Gjedrem, 2012) . Since then, more than a dozen breeding programs have been established (Rohe et al., 2009) , and traits such as growth rate, age at sexual maturity, pathogen resistance, flesh colour and fat content have been included in the breeding goal. The selection responses in salmonids have been higher than in other animal species, due to higher genetic variability and greater fertility, which allow the application of higher selection intensity. For instance, in Norwegian domesticated strains, the response to selection for growth related-traits was found to be greater than 10% in the first few generations (Gjedrem and Baranski, 2010) . After more than a half a century of Atlantic salmon aquaculture and even considering the short period of time during which they have experienced intense artificial selection (approximately 12 generations of captive breeding for one Norwegian strain), it can be assumed that the allele frequency of selected loci and the levels of genetic variation have been affected within populations as a consequence of the domestication process. This includes the adaptation to new farming environments and intensive selection for economically important production traits.
Genetic improvement in livestock is mainly driven by increasing the frequency of favourable alleles at loci that affect the traits of interest in populations (Bijma, 2012) . The magnitude of these increases is mainly determined by allele substitution effects and allele frequencies at these loci, along with the intensity and accuracy of artificial selection (Falconer and Mackay, 1996) . Accordingly, if a population is heavily selected for a particular trait, then there is a higher chance of some alleles reaching fixation. At the same time, aquaculture practices may inadvertently decrease the genetic variation present in farmed stocks. Unless accurate pedigree records are maintained, there is a probability of selecting related individuals as parents, thereby increasing inbreeding.
A series of events may occur in genomic regions of populations affected by intensive selection. For instance a "hard sweep" is the process that occurs when the genetic variation in selected regions is disrupted leading to an association between an adjacent locus and the selected site. On the other hand, there is another scenario known as a "soft sweep", in which more than one positive allele can be present within the selected locus and a drastic reduction in genetic variation in the genomic region does not occur. Soft sweeps involve variants at a selected locus, and therefore they may produce many different haplotypes at the closely linked sites. Additionally, when adaptation occurs by selection of polygenic traits, it generally induces an increase in the allelic frequency of several loci, which have a favourable effect on the trait. These alleles do not necessarily reach fixation and the haplotype pattern corresponds to several partial selection signatures or multiple "partial sweeps" (Pritchard et al., 2010) . Signatures of selection are genomic regions which contain DNA sequences affecting genetic variation of characters that have undergone natural or artificial selection (Qanbari et al., 2012) . Such signatures may be identified using genomic information and different analytical approaches (Lopez et al., 2015) . This is possible because selection can affect the DNA sequence at a particular region. This is known as the "hitchhiking effect" (Smith and Haigh, 1974) . This leaves a "footprint" or "signature" around the selected gene variant, which yields a specific and detectable genomic sequence pattern (Pennings and Hermisson, 2006) .
Previous studies have shown evidence of directional selection in genomic regions of farmed Atlantic salmon when compared to their wild counterparts (Vasemägi et al., 2012) or when comparisons are made among pairs of farmed populations (Martinez et al., 2013) , even when a limited number of markers is used. Using a SNP chip, Karlsson et al. (2011) were able to identify a panel of 60 markers capable of differentiating farmed Atlantic salmon from wild populations in Norway. However, they did not provide evidence of significant genetic differentiation between them. Based on these observations it has been suggested that genetic differences on a genomic scale, between Norwegian farmed and wild populations are the result of small allele frequency changes at a large number of loci, rather than large allele changes at few loci.
The development of technologies for typing dense marker genotypes provides the opportunity to simultaneously analyse thousands of SNPs and more precisely identify regions of the genome that show evidence of selection. These tools have already been used for the analysis of many livestock species such as cattle, sheep, pig and chicken (Ai et al., 2013; Kijas et al., 2012; Qanbari et al., 2012 Qanbari et al., , 2014 Ramey et al., 2013) , by performing genome-wide scans comprising from hundreds of thousands to millions of SNPs. The identification of selection signatures may help to unravel the genetic factors and mechanisms involved in important biological traits, because these regions might have adaptive and functional relevance underlying their selection . Atlantic salmon provide an excellent model for studying the effects of early selection and the domestication process, as some of their populations have been domesticated very recently in their evolutionary history and there is the availability of both domesticated and wild populations from the same lineage. This study was designed to detect signatures of domestication and early selection processes in Atlantic salmon using an Illumina iSelect SNP-array (Kent et al., 2009) in order to get a better understanding of Atlantic salmon adaptation to a farming environment and high selection pressures for production traits.
Materials and methods

Farmed fish samples and wild fish genotype data
The Atlantic salmon used in these analyses were part of a commercial broodstock program initiated by Cermaq Canada in 1995 and based on the Mowi strain of Atlantic salmon (imported to British Columbia, Canada in the mid 1980s). The Mowi strain was established in the late 1960s with a major contribution from the River Bolstad, in the Vosso watercourse, and the River Aaroy with additional contributions from wild salmon captured in the sea near Osterfjord and Sotra in western Norway (Glover et al., 2009; Verspoor et al., 2007) . Considering the time since the Mowi strain was established, we estimate that it has gone through approximately 12 generations of selection, seven of these in Norway and five in Canada. The Cermaq population has been selectively bred for faster growth and reduced early sexual maturation. We chose 202 parents from the 2005 broodstock year. DNA from all 202 fish was obtained from fin-clips using the DNeasy Blood & Tissue Kit (Qiagen) and then sent for genotyping. SNP genotyping was carried out at CIGENE, Norwegian University of Life Sciences, Ås using an Atlantic salmon 6.5K Illumina iSelect SNP-array (Kent et al., 2009) , described by Lien et al. (2011) . The level of relatedness of the 202 fish was estimated from a genomic kinship matrix based on identity-by-state (IBS) values obtained using the GenABEL package implemented in R. The mean value was − 0.0025 with a median of − 0.0069, indicating low levels of relatedness.
To perform comparative analyses we used the genotype data from four Norwegian wild Atlantic salmon populations available at the Dryad Digital Repository (http://datadryad.org), obtained and made publicly available by Bourret et al. (2013) . The wild populations were identified according to the region of origin ( Fig. 1 ), as follows: Tana (TAN) with 29 individuals (1), Gaula (GAU) with 43 individuals (2), Laerdaselva (LAR) with 25 individual (3) and Numedalslagen (NUM) with 43 individuals (4), giving a total of 140 wild samples, which together comprised the WILD dataset. More details regarding these wild populations can be found in Bourret et al. (2013) . These populations were chosen to provide a good representation of the wild populations in Norway (based on their geographical provenance) for comparisons with the Mowi strain, which can be considered as initially being a composite strain established with contributions from different Norwegian rivers.
For comparative purposes, the data-sets from both, the WILD set and the Cermaq populations were filtered to keep only the shared markers. These markers were used in the subsequent analyses, after filtering for a call rate threshold of 95%.
Basic population genetic statistics and structure
Deviations from Hardy-Weinberg equilibrium (HWE) were tested with the exact test (Guo and Thompson, 1992) , as implemented in GENEPOP 3.4 (Rousset, 2008) and Arlequin 3.5 (Excoffier and Lischer, 2010) . Genetic differentiation between populations was measured with pairwise F ST estimates (Weir and Cockerham, 1984) , using Arlequin 3.5 (Excoffier and Lischer, 2010) . Genetic distances between populations were estimated based on Nei (1972) , implemented in the R package adegenet (Jombart, 2008) . Inbreeding coefficients (F IS ) were calculated using the R package Demerelate (Kraemer and Gerlach, 2013) .
Population structure was inferred from the SNP markers using a hierarchical Bayesian modelling construct in the program STRUCTURE (Pritchard et al., 2000; Falush et al., 2007) , using a burn-in of 100,000 iterations and running 100,000 iterations (K = 2). Then we conducted an individual-based principal component analysis (PCA) implemented in the R package adegenet (Jombart, 2008) . We used the function find.clusters to estimate the optimal number of groups with the Bayesian Information Criterion (BIC) method, and we used the function a.score to determine the optimal number of discriminant functions to retain (Jombart et al., 2010) .
Detection of F ST outlier loci
Three different tests for the detection of loci subject to directional selection during domestication were used. These tests are based on different assumptions, but rely on the rationale that directional selection increases genetic differentiation between populations and reduces variation at linked loci, providing additional support for the identification of outlier loci. For the first stage of the analyses, the data from the four wild Atlantic salmon populations were grouped into one set of 140 samples (WILD) that was compared against the dataset from the 202 farmed samples.
The first method used was implemented in Arlequin 3.5 (Excoffier and Lischer, 2010) . This program uses a similar algorithm to the nisland model of FDIST (Beaumont and Nichols, 1996) but accounts for historical meta-population structure with a hierarchical island model (H) (Excoffier et al., 2009) , which aims to reduce the number of false positive F ST outlier loci. Arlequin runs based on the assumption that the average migration rate between populations on different islands is lower than that between demes on the same island and also that the heterozygosity between populations can be inferred using the heterozygosity within a population (Excoffier and Lischer, 2010) . Significance of outlier SNP markers was assessed by running 50,000 simulations, 100 demes and 20 groups.
The second method used to detect footprints of selection also uses a hierarchical-Bayesian model that is similar to the original F ST -outlier test, FDIST (Beaumont and Nichols, 1996) . Using a logistic regression model, F ST is broken down into two effects: a locus effect and a population effect, relaxing the assumption of a symmetrical island model by allowing for population structure asymmetries and implemented in BayeScan (Foll and Gaggiotti, 2008) . The program calculates the Posterior Odds (PO), from the posterior probability of a particular locus being under selection using a value of prior odds equivalent to 10:1 by comparing models with and without a selection term and by using the proportion of loci with a strong increase in F ST relative to other loci among the Markov Chain Monte Carlo outputs of its simulations. The analyses were run with the default settings and a locus was considered to be under strong selection if log10 (PO) was ≥2 and under decisive selection if log10 (PO) was ≥3.
The third method we used was to run the analysis using Arlequin 3.5 (Excoffier and Lischer, 2010) , but not using the hierarchical island model (nH), which would only simulate a finite island model. The analysis simulations were run using the same specifications used for the Arlequin (H) method.
For a second stage, we performed F ST outlier analyses for the Cermaq population compared to each of the four wild populations (Fig. 1 ). In this case, only BayeScan was used for analyses, using the same setting as in the previous analysis.
SNP annotation and Gene Ontology
Markers were assigned to their respective chromosomal position according to the previously described Atlantic salmon linkage map, which contains~5650 SNPs and was constructed using genotyping data from 143 families comprising 3297 fish . This map contains 29 linkage groups, each of which was assigned to its specific chromosome according to the nomenclature established by Phillips et al. (2009) . Markers that were not located on the map were only assigned to a chromosome by identifying the Atlantic salmon genome contig containing them, available at www.asalbase.org.
The nucleotide sequences corresponding to the SNPs that showed a significant association were compared by BLAST against information from the Atlantic salmon genome sequencing project v1.0 , which is publicly available at ASalBase (www.asalbase.org) and NCBI (http://www.ncbi.nlm.nih.gov/Traces/wgs/?val=AGKD). SNP markers were then assigned to a specific whole genome shotgun (WGS) contig by sequence similarity searches. WGS contigs were annotated using an in-house annotation pipeline (trutta.mbb.sfu.ca) and BLASTn alignments.
Blast2go (Conesa et al., 2005) was used to obtain the Gene Ontology (GO) annotation (Ashburner et al., 2000) . Homology searching was first realized through a BLAST search of the available flanking sequences for each SNP on the NCBI nr public database with the e-value threshold set to 1 ×10E− 10. Blast2go then retrieved GO terms associated with the BLAST hits.
Results
Data management
Genotype data from wild and farmed samples were compared and organized for comparative purposes. Data from wild populations obtained from Bourret et al. (2013) contained genotypes from 6176 markers, whereas the Cermaq dataset only contains 5568 markers. After comparison, a total of 5088 markers were shared between both datasets. Filtering for a minimum call rate (N0.95), showed that 4905 markers passed the threshold among the datasets.
Population differentiation and genetic structure
Within population observed and expected heterozygosity levels were similar across the four wild and the farmed populations (Table 1) . The dataset comprising all wild populations (WILD) however, showed a slightly lower level of observed heterozygosity (0.331) than expected (0.338). The heterozygosity levels of the Cermaq (farmed) population were lower than the individual wild populations but higher than the WILD population dataset. On the other hand, inbreeding values (F IS ) show that all populations show low or negative values of inbreeding (Table 1) .
Between population comparisons based on F ST values show low levels of differentiation between the wild populations. It should be noted however, that the LAR, NUM and GAU populations showed a lower level of differentiation between one another (F ST 0.017-0.040) than they did to the TAN population (F ST 0.048-0.065) ( Table 2) . This observation can be explained by considering the geographical locations of these populations (Fig. 1) . LAR, NUM and GAU are all Atlantic Ocean populations whereas TAN is a Barents-White Sea population. Comparison of the LAR, NUM and GAU populations against the Cermaq population showed a lower level of differentiation (F ST 0.072-0.083) than did the TAN population (F ST 0.116). Additionally, Nei genetic distance values showed a similar pattern in terms of the distance between TAN and the other wild populations, and also their distance to the Cermaq population. The Cermaq population appears to be genetically more distinct compared to all four Norwegian wild populations (Table 2 and Fig. S1 ).
Structure analysis showed the presence of two main clusters differentiating the four wild populations from the Cermaq population, but not from one another (Fig. 2) . Similarly, PCA analysis revealed three clusters, according to the lowest BIC, classified along the two first principal components, which explained 64.13% and 25.97%, respectively of the total genetic variation among individuals ( Fig. 3 ).
Outlier marker detection between the WILD dataset and Cermaq population
Outlier detection analyses were carried out using two groups: the first comprised the genotypes from the four wild populations (LAR, NUM, TAN and GAU, 140 individuals referred to as WILD), and the second the genotypes from the Cermaq population (202 individuals). Analyses were performed using two different programs associated with three approaches. From these three approaches, 44 markers were identified as outliers by all three methods (Table 3 and Fig. 4 ). In particular, analysis performed using BayeScan detected 46 outlier markers. Of these, 31 showed evidence of decisive selection (log10 (PO) ≥ 3) and four showed strong evidence of selection (log10 (PO) = 2-2.99). The remaining markers showed little evidence of selection even though they were detected as outliers (Table 3) . The second approach, using Arlequin (H) detected 105 markers showing apparent evidence of selection (Table S1 ), and only five markers were uniquely detected as outliers using this method. The third approach, using Arlequin (nH), detected 107 markers as outliers according to their p-value (p b 0.01). This method detected the highest number of outliers, as shown in Table S2 and Fig. 4 . Of these, 98 were common to the Arlequin H (Hierarchical model) method, and only nine markers were not detected by any of the other methods ( Fig. 4) . A graphical representation of the outlier detection obtained from Arlequin and BayeScan methods is shown in Fig. S2 .
Outlier marker detection between the four wild populations and the Cermaq population
Given the robust conservative results that BayeScan gave for the analysis of the WILD dataset, we decided to use it for the detection of outliers in the Cermaq population compared to each of the four wild populations from Norway. The analyses provided similar results to the analysis performed using the dataset of the combined wild populations. Numerous markers detected as outliers for the WILD dataset were also detected in this analysis ( Fig. 5 and Table S3 ). Of the 44 markers detected as outliers by the three methods used in the previous analysis using the WILD dataset ( Fig. 4 ), 30 were also detected when comparing the Cermaq population with the Tana (TAN) population, 40 with the Gaula (GAU) population, 35 with the Laerdaselva (LAR) population and 39 with the Numedalslagen (NUM) population. The complete list of markers identified as outliers analysing each of the four populations can be found in Tables S4-S7 and the graphical representation of the BayeScan detection is shown in Fig. S3 . We found that there were 26 common markers detected as outliers when the analyses were performed on each of the four wild populations (Fig. 5) . These 26 markers were also detected as outliers when using the WILD dataset (and are part of the 44 markers identified as outliers in Fig. 4) . Comparison with the LAR population detected 37 outliers, two of which were only detected for this population. For the NUM population, 44 markers were identified as outliers with five markers only detected in this population. For the GAU population, 45 markers were detected as outliers and six of them were specific for this population. The TAN population analysis detected 45 markers as outliers, but of these, fifteen were specific to this population. For the GAU population 33 markers showed at least strong evidence of selection (log (PO) ≥ 2). There were 29 such markers for the LAR population, 30 such markers for the NUM population and 20 such markers for the TAN population. Of these markers, 16 were shared between the four populations. As expected, all of these 16 markers also showed strong evidence of selection when the WILD dataset was analysed.
Genomic regions under selection and their putative associated genes
Atlantic salmon chromosome 11 (Ssa11) contains the highest number of markers showing at least strong evidence of selection (five), followed by Ssa02, SSa04 and Ssa06 each with three markers (Table 4 ). Markers located on Ssa11, however, span a wide region along the chromosome (according to the female map; Lien et al., 2011) , a situation observed for all chromosomes.
BLASTn annotation of the sequences containing the SNPs (or the surrounding sequence based on the WGS contig) gave significant hits for 30 of the 44 markers that showed evidence of selection (Table 4 ). GO annotation of these markers on the other hand gave a lower number of results, only assigning GO terms for 21 markers (Table S8 ). GO terms segregated into many levels of biological processes, molecular functions and cellular component.
Discussion
In the present study,~5000 SNP markers were compared in four wild populations from Norway and one farmed population from British Columbia, Canada, originating from a Norwegian strain. Several genomic regions and 44 SNP markers potentially affected by artificial selection and associated with domestication in Atlantic salmon were detected by three different methods. Contrary to previous studies seeking to identify signatures of selection (Karlsson et al., 2011; Mäkinen et al., 2015; Vasemägi et al., 2012) , these results suggest that the footprints of selection in Atlantic salmon (at least those farmed in the west coast of Canada) are significant after only~12 generations of independent domestication and high selection pressure for economically important traits (e.g., rapid growth and non-grilsing).
Population structure and genetic differentiation
Analysis of the genetic structure of the populations showed that the levels of heterozygosity of the Cermaq population were similar to those of wild populations (see Table 1 ) despite the possible effects of artificial selection, potential inbreeding and the loss of alleles due to genetic drift. The small excess of heterozygosity found in most populations is not significant with respect to HWE values. Estimates of inbreeding (F IS ), like the heterozygosity levels showed a higher value on the WILD dataset than in the Cermaq population and in any of the wild populations, although this was not significant (Table 1) . Population differentiation based on F ST and Nei distances showed similar values between the populations. TAN was an out-group to the other three Norwegian wild populations, and the Cermaq population was genetically more distant with respect to all of the Norwegian wild populations (Table 2 and Fig. S1 ).
PCA and structure analyses indicate that the Cermaq population has become genetically distinct from the natural populations in Norway, possibly due to the effect of selective pressures. In particular the PCA analysis (Fig. 3) , which was constructed from the two largest dimensions of variation (PC1 and PC2), explained 64% and 26% of the total variance, respectively. GAU, LAR, NUM and TAN, display a low variation for PC1 and PC2 when compared to the Cermaq population, especially when we observe the variation of this population for PC2. The close clustering of wild Norwegian populations and the divergence from the Cermaq population makes sense from the demographic perspective. The highest variation of the farmed population for PC1 and, especially, for PC2, when compared to the wild populations can be attributed to an admixture process when the base population of Mowi was created. The breeding between individuals from different populations most certainly generated a higher level of genetic variation for this composite population when compared to their ancestral progenitor populations. Our analysis demonstrates that much of this original genetic variation is still present in the Cermaq population, which is the result of a deliberate breeding strategy designed to maintain the levels of genetic variation and genetic diversity.
Detection of selection signatures
Three methods were used for the detection of outliers showing evidence of selection in the Cermaq population. In general, when using the combined WILD dataset, the three simulation-based methods gave similar results agreeing on the identification of 44 markers as outliers. Arlequin (nH) gave the highest number of markers identified as outliers (107), followed by Arlequin (H) analysis with (105), while BayeScan gave the lowest (46). This difference in the number of markers could be either due to the inability of the BayeScan methods to detect real signatures of selection at these loci or simply because a large number of the outlier loci detected by Arlequin 3.5 are false positives (type I error); the latter being more likely (Narum and Hess, 2011) .
The analysis of outliers based on individual populations also identified numerous significant markers, of which the majority were shared among the different comparisons. The number of outliers identified in the comparison of the Cermaq farmed Atlantic salmon against the GAU, NUM and LAR populations was similar, ranging from 37 to 45 markers, and most of them were also detected in the previous analysis using the combined WILD dataset (Table S3 ). In contrast, when the analysis was based on the TAN population 45 outliers were detected, but only 31 of these were found in the WILD dataset comparison. This situation was not totally unexpected given the different geographical origin of these populations and the known structure of the populations (Figs. 1, 2 and  3) . While LAR, GAU and NUM populations can be classified as Atlantic Ocean populations, the TAN population represents a Barents-White Sea population, geographically distant from the others. This was also observed in the population differentiation values shown in Table 1 , where the TAN population shows the highest differentiation values when compared to the other populations and with the farmed (Cermaq) population. These results may reflect differences between the four wild populations as a result of divergent local adaptation, thus leading to different outlier markers when comparing each one of them against the Cermaq population and with one another. Nevertheless, 56% of the outlier markers (26 out of 46) were consistent between the two analyses, Cermaq against WILD and Cermaq against each wild population separately, using BayeScan. Results of outlier tests for identifying loci under possible selection must be evaluated with care since simulation studies have identified considerable variation in false-positive and false-negative rates among different F ST outlier methods, with BayeScan having the lowest falsepositive rate (Excoffier et al., 2009; Narum and Hess, 2011) . Some authors have suggested that only those outliers supported by multiple statistics should be considered as the most promising candidates. Additionally, numerous drawbacks have been identified while analysing for signatures of selection. For example, deviations from the demographic models assumed in the tests are usually found (Excoffier et al., 2009 ). There could also be an inclusion of severely bottlenecked populations, which would lead to high numbers of false positives (Teshima et al., 2006) . Another factor could be differences in mutation rates among loci (Beaumont and Nichols, 1996) . It has also been proposed that the strong correlation in co-ancestry found in rivers, oceanic ridges or coastlines increases the neutral variance in F ST , resulting in a high rate of outliers (Fourcade et al., 2013) , which could be the case of our analysed populations. We chose to use three different detection approaches to overcome these potential problems.
Previous studies analysing selection in Atlantic salmon strains have been based on a limited number of markers (e.g., microsatellites and EST-derived markers), and these have detected few regions potentially under selection, supported by multiple outlier tests (Vasemägi et al., 2005 (Vasemägi et al., , 2012 . Variable situations have been observed in many other species (reviewed by Nosil et al., 2009 ). The use of high density SNP arrays has become more popular, and along with the increase of marker density and therefore the linear coverage of the genome, a higher probability of detecting genomic events as signatures of selection is expected. Its use has already made possible the identification of signatures of natural selection in Atlantic salmon populations Perrier et al., 2013; Zueva et al., 2014) ; however, the analysis of domestication seems to be different. Recently, Mäkinen et al. (2015) analysed three populations of Atlantic salmon, one from North America (Saint John, Canada) and two from Europe (Ireland and Sweden) using the 6.5K SNP array used in this study, and found little evidence for signatures of domestication using the BayeScan and standardized heterozygosity (Kauer et al., 2003) methods. The results presented here indicate a different scenario, with numerous outliers suggesting signatures of selection occur on most of the Atlantic salmon chromosomes (Table 4 ). In terms of the number of markers identified as outliers, approximately 1% of the total of markers analysed indicated evidence of selection. Differences in the outcome of the analyses may be due to various reasons: First, the populations analysed by Mäkinen et al. (2015) (same populations used by Vasemägi et al., 2012) are from different geographical locations, which could represent differences in the levels of genetic variation and standing variation found in the Cermaq population. Second, only the Saint John population represents a population under selection for aquaculture purposes. The other two (from Ireland and Sweden) are stock supplementation populations that do not go through strong artificial selection. In contrast, the Cermaq population analysed in this study has been heavily selected for economically important production traits over~12 generations. Third, the Saint John population belongs to the North American salmon lineage, and it has been shown that North American and European Atlantic salmon are genetically distinct, with differences in chromosome numbers and chromosomal rearrangements (Lubieniecki et al., 2010; Brenna-Hansen et al., 2012) . In this study, the use of a few thousand markers distributed across all of the 29 Atlantic salmon chromosomes provides enough resolution to detect loci under selection. Still, it is important to note that differences found between the natural populations from Norway and the Cermaq population could carry a bias associated with independent evolutionary trajectories where both drift and selection may have occurred independently. The power to detect selection at a particular locus depends primarily on the number of generations since domestication, the strength of selection and the number of populations included in the study (Karlsson and Moen, 2010; Mäkinen et al., 2015) . It has been suggested that if the genetic background of a trait consists of many loci with small additive effects, the selection coefficient for each locus is very small, and so a large number of generations would be required to accumulate a footprint of selection (Pritchard et al., 2010) . Atlantic salmon selective breeding has been practiced for the last 45 years, approximately 12 generations, which could be considered as an early stage of domestication. Nevertheless, studies in turbot (Scophthalmus maximus) suggest that domestication can generate evidence of selection for some traits after only four generations (Vilas et al., 2015) . Certainly, farmed populations of Atlantic salmon have experienced a shorter selection period compared to other livestock species. Even so, differential expression profiles between farmed and wild populations of Atlantic salmon have been reported (Bicskei et al., 2014) . The intensity of the selection and the nature of the selected trait must also be taken into consideration; Norwegian domesticated strains have gone through strong selection for growth and against grilsing (i.e., early age of sexual maturation) since they were established (Gjedrem and Baranski, 2010; Gjedrem, 2012) . Since the Cermaq broodstock was established in 1995, it too has been selected for these traits. Although selection for growth rate has been carried out intensively, strong, related association signatures have not been detected (Gutierrez et al., 2015) . The identification of highly significant outliers within the Cermaq population could indicate that some traits controlled by fewer loci (e.g., late sexual maturation) have been selected and therefore their selection footprints are easier to detect. Breeding programs based on efficient genetic evaluation methods (e.g., the best linear unbiased predictor, BLUP) seem to have had a large effect on the allele frequency in livestock populations (Fontanesi et al., 2015) . However, at least some of these differences could also be explained by random events like the emergence a beneficial mutation or genetic drift within the isolated population.
Genomic regions under selection
The identification of markers as outliers suggest that these could be related to the selection process and therefore, nearby genes could encode proteins associated with the selected traits. Most traits are polygenic, which means that they are controlled by several genes and/or alleles that are each making a contribution to the phenotype. Hence, selection acting on polygenic traits may lead to subtle shifts in allele frequency at many loci. The results presented here and current evidence clearly suggest that numerous regions within the Atlantic salmon genome have experienced this phenomenon (Karlsson et al., 2011; Mäkinen et al., 2015) .
The 44 markers that were detected as significant outliers by the three approaches taken (see above) were distributed along 22 of the 29 Atlantic salmon chromosomes. Some of the markers had not been mapped on the currently available linkage map . However, we were able to assign them to a chromosome based on their sequence and posterior BLAST analysis against the Atlantic salmon genome sequence. Positions of the markers within the chromosomes span regions ranging from 2 to 90 cM in the female map. There are not many markers over-represented in a specific region of the chromosome that would suggest a strong selection. The highest numbers of markers are located on Ssa02, Ssa06 and Ssa11, as shown in Table 4 . Previous studies analysing signatures of selection in Atlantic salmon have described the presence of outliers on numerous chromosomes (Mäkinen et al., 2015; Vasemägi et al., 2012) , but even considering the agreement in the chromosome number, the positions of the markers are not similar. The results obtained from previous studies cannot easily be compared without acknowledging the origin of the populations in question. As previously described, the Cermaq population has a Norwegian origin, and populations analysed in previous studies come from different geographical locations. Moreover, it must be stressed that there are probably differences in nature and the artificial selection processes in farmed populations, which may be reflected in the outcome of the analysis. That being said, this analysis is very conservative when compared to previous findings. Strictly, in terms of QTL analyses, only the studies by Gutierrez et al. (2012 Gutierrez et al. ( , 2014 and Baranski et al. (2010) were carried out on Norwegian populations. Similarities are difficult to compare due to the large number of QTL found for most traits. For example, QTL for growth (or body weight) have been found on most Atlantic salmon chromosomes. Therefore, it would be premature to link growth related QTL to the regions showing the presence of outliers (suggestive selection). On the other hand, it was interesting to note that the only outlier marker on Ssa26 was located on the same Atlantic salmon genome contig as the IPN resistance gene (Houston et al., 2008; Moen et al., 2015) . GO annotation of the most significant markers showed that most genes were linked to biological pathways associated with cellular process, metabolic process and biological regulation. However, no significant over-representation of any particular pathway was observed. Moreover, sequence annotations based on the marker associated sequences or their surrounding genomic regions showed not only many genes with multiple molecular functions, but also many markers that could not be associated to any known genes, at least in the 10 kb surrounding region. However, there were a few markers that seem to be related to a molecular function of importance for selection. For example, many of these have been related to immune or inflammatory response from studies in humans. ESTNV_24005_495 shows sequence similarity with Nod1 protein, implicated in inflammatory response (Fritz et al., 2006) , ESTNV_12926_381 is associated with Nfil3, an interleukin with a role in the immune response (Kamizono et al., 2009) , ESTV_20616_997 is associated with PU.1, a transcription factor linked to macrophage proliferation (Celada et al., 1996) , ESTV_12965_608 is associated with Sema6d a gene with a role in immune response and development (Vadasz and Toubi, 2014) and ESTV_16140_475 is associated with prothymosin α that has an immunoregulatory role during infection (Shiau et al., 2005) . In addition, there were other markers that showed an association with genes involved in the regulation of food intake. ESTNV_28438_568 is associated with Sirt5, a gene playing a pivotal role in ammonia detoxification during fasting (Nakagawa et al., 2009) and ESTNV_14967_182 is associated with Amylin, that is believed to play a role in controlling gastric emptying, glucose homeostasis and in the suppression of glucagon release (Cao et al., 2013) . ESTNV_35725_1965, is associated with Tex10, a gene with a role in sexual development (Eid et al., 2015) and ESTV_19974_640 which is associated with Mmadhc, a gene involved in vitamin B12 metabolism (Plesa et al., 2011) .
We are particularly interested in three markers that were identified as outliers in this analysis (GCR_cBin6804_Ctg1_99 on Ssa02, ESTNV_30600_327 on Ssa11, and ESTNV_36261_377 on Ssa13; Table 4 ) as they had previously been associated with grilsing in a GWAS study on the Cermaq broodstock (Gutierrez et al., 2015) . The GWAS study also indicated that there was a region of Ssa25 associated with grilsing, and recent reports from Norwegian groups (Ayllon et al., 2015; Barson et al., 2015) have shown that variation in vgll3, which is located in this region on Ssa25, can account for 33-40% of the grilsing phenotypic. We speculate that there are genes on Ssa02, Ssa11 and Ssa13 that may contribute to the remaining 60-67% of the phenotypic variation. Although the 6.5K SNP array does not have the resolving power to narrow down the genomic region to a specific gene, it is worth noting that one of these markers, ESTNV_36261_377 on Ssa11, is closely linked to pgrc1, a gene encoding membrane-associated progesterone receptor component 1, that is implicated in hormone metabolism (Rohe et al., 2009) . We suggest that pgrc1 is a candidate gene for determining grilsing in Atlantic salmon.
Conclusions
We found significant evidence for signatures of selection in the Cermaq farmed population of Atlantic salmon. Even though the number of markers identified as outliers is low (~1%), some of the markers reach high levels of significance and are associated with molecular functions that could be related to the selection process of particular traits. There was little similarity in our observations compared to previous studies arguing for little evidence of selection of Atlantic salmon populations due to the short selection period (~12 generations). Further studies are needed to determine the nature of these signatures and the relevance of these loci in the adaptation process associated to selection in the Cermaq population. This study is the first to find strong signatures of adaptation to farming environments and strong selection pressures in the genome of an Atlantic salmon farmed population.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.margen.2015.12.007.
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